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ABSTRACT 


Synchronous static compensators (STATCOMs) have been presented as a member of flexible alternating current transmission 
systems devices family in both distribution and transmission levels, namely distribution STATCOM and transmission 
STATCOM, respectively. These compensators have an important role in increasing the power quality in power systems because 
of having features investigated in various studies and because of the proper implementation of power functions, especially in 
compensating the voltage flicker. Studies on STATCOM can be categorized in two different parts. The first part is about the 
various topologies of the electronic converters used in the compensator and different arrangements of the coupling 
transformers with the network, which can be named as the power part. The second partis about theorizing at the control level, 
which eventually ends in producing the proper gate signals to control the switching of the electronic power switches in the 
power part. Considering the fact that two comprehensive reviews on STATCOM have been published in 2002 and 2009, this 
paper based on the aforementioned categorization reviews the studies fulfilled in the field of synchronous static compensator, 
especially the relevant studies in recentyears published in creditable journals. The paper makes connections among the control 
methods and compares the ideas about power stage from different perspectives, so that conducted studies will be organized in 
a systematic order. 
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I. INTRODUCTION 

The compensators based on the electronic transformers of 
power named flexible alternating current (AC) transmission 
systems (FACTS) were first introduced by N. G. Hingorani in 
1988 [1], Using electronic converters in the structures of 
these compensators provides several advantages such as high 
dynamic speed, low loss, and more accurate control. 
Therefore, running control functions in power systems while 
facing phenomena like the flicker, imbalance, harmonic 
pollution, and transient behaviors will be more efficient and 
have a higher quality compared with the common 
compensators. One of FACTS devices, which has a positive 
and accurate function in regulating the voltage and 
compensating the flicker, is the synchronous static 
compensator (STATCOM). The STATCOM is a shunt- 
connected FACTS family member that can regulate the 
system bus voltage at transmission or distribution levels. 
Furthermore, it can inject harmonic currents to enhance the 
power quality of the power networks. Such controller gains in 
fact a voltage-source-based converter that can operate in 
both modes injecting or absorbing the reactive power. In 
comparison with other shunt devices like thyristor controlled 
reactor, thyristor switched reactor, thyristor switched 
capacitor, and thyristor controlled reactor with fixed 
capacitor, which are identified as static Volt-Ampere Reactive 
(VAR) compensator, the STATCOM has some important 
advantages. For example, unlike other shunt-connected 
FACTS family, the maximum compensating current is not 
dependent on the system bus voltage. Therefore, the 
maximum reactive power injectable to the system by the 
STATCOM is decreased with decreasing of the system voltage 
linearly, while this reduction is proportional to the square of 
voltage reduction in other shunt-connected devices [2], 
Moreover, the STATCOM is superiorto others from viewpoint 
of exchanging the active power with the power system when 
it is equipped with an energy source. In spite of power 


quality, several functions such as power system stability and 
power system operation are carried out by using the 
STATCOM. Correction of transient state stability is one of the 
most important objects. Equal area criterion shows that this 
compensator increases the margin of transient stability, that 
is, the "unused" and still available [2], Power oscillation 
damping is another merit of STATCOM. Whend 6 dt > 0, the 
compensator has capacitive performance and increases the 
transmitted power and is inductive when dS dt < 0 (6 is 
generator angle). This causes the oscillation in P and 6 
waveforms to be damped out. In recent years, useful and 
effective suggestions and ideas in the power and control 
structures of these compensators have been presented by 
creditable journals. Therefore, collecting, categorizing, 
comparing, and analyzing the proposed methods and 
innovations can pave the way for researches. In fact, this 
paper establishes and provides a background where the 
advantages and disadvantages of different methods are 
revealed. After 2000, two creditable and comprehensive 
reviews were published in the field of STATCOMs. In the first 
review [3], published by Jose Rodriguez et al. in 2002, the 
structures, usages, and control methods in multilevel 
converters have been investigated and reviewed. In this 
paper, the multilevel structures have been categorized in a 
way as follows: (i) diode-clamped inverter; (ii) capacitor- 
clamped inverter; (iii) cascaded multicell inverters; (iv) 
generalized multilevel cells; and (5) emerging multilevel 
inverter topologies (mixed-level hybrid multilevel cells, 
asymmetric hybrid multilevel cells, and soft-switched 
multilevel inverters) which was firstly introduced in [4], The 
most important problem with diode-clamped inverters and 
the capacitor-clamped inverters is that if, for example, there 
is n number of levels for the output voltage, by increasing the 
number of the levels, the number of diodes and capacitors is 
increased rapidly for the former inverter and to for the latter 
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inverter. The increase in diode and capacitor count imposes 
limitations due to the complexity of the control algorithm and 
the bulkiness of the circuit. In spite of these drawbacks, one 
advantage is that they have common direct current (DC]-link 
voltage and do not suffer from voltage balancing of levels. In 
addition, voltage levels have been increased without 
requiring accurate voltage matching. However, this can be a 
serious problem in high-voltage applications because using 
the common voltage source in this level not only is not 
practicable but also can reduce the reliability because all 
capacitors are dependent on one DC link. In the structures of 
cascaded multicell inverters, some two-leg converters are put 
together in series in each phase, and the voltage of each phase 
is obtained through adding up the voltages of the converters 
of the same phase. This structure is much simpler than diode 
and capacitor-clamped inverter schemes. In generalized 
multilevel cells, the two-level, three-level, and four-level to n- 
level ones are put next to each other. In this design, every 
level of voltage is balanced by itself and independent from the 
characteristics of the load. In other words, this topology 
provides a multilevel structure that can balance any level of 
DC voltage by means of specialized controls. In mixed-level 
hybrid multilevel cells, the multilevel structures of diode- 
clamped inverter and capacitor-clamped inverter are 
replaced with the full-bridge cells in the cascaded multicell 
inverter schemes, and therefore, the number of DC sources is 
decreased. This method can be useful in high power and high- 
voltage applications. However, using diode-clamped and 
capacitor-clamped inverters increases the complexity of the 
control algorithms. In asymmetric hybrid multilevel cells, the 
levels of the DC voltage in cells are not equal, and the 
converters of every cluster suffer from different stress. 
Although this can increase the cost, it causes more levels to 
be produced with the same number of devices when 
compared with symmetric multilevel inverters. Also, 
controlling the balance of the capacitor voltage in such 
scheme may be more difficult compared with the topologies 
where the voltages of all capacitors must be set in a fixed 
value. Therefore, the modulation circuit becomes more 
complex. Referring to the studies conducted in [5-10], the 
paper [3] has investigated the methods based on using soft 
switching and the combinations of the methods zero-voltage 
transition and auxiliary resonant commutated pole. Also in 
[3], the modulation methods have been divided into two 
groups of switching in high frequency and switching in the 
main frequency. The methods sinusoidal pulse-width 
modulation (PWM] and space vector PWM fall into the first 
group, and the methods selective harmonic eliminations and 
space vector control fall into the second one. Finally, the 
practical usages of the multilevel converters in multilevel 
rectifiers and running the motors and power systems were 
discussed. The second review on STATCOM was published by 
B. Singh et al. in 2009 [11], In this paper, they approached 
STATCOM with two perspectives of multilevel converters and 
multipulse converters. Referring to Reference [12], they have 
stated that the multilevel structures have preference over the 
multipulse ones, which is based on magnetic coupling. There 
are important reasons for this preference, for example, the 
implementation of a multipulse structure is costly and the 
multilevel converters, especially the cascade type, are more 
reliable. However, because each project has its own specific 
features, the role of the multipulse converters cannot be 
easily ignored. The control strategies of STATCOM have been 
surveyed in [12], and the basis of the control architecture in 
STATCOM has been reported as Figure 1 shows. 


loMnittuakne 



Figure 1. The basis of the control architecture in 
synchronous static compensator (STATCOM] [12]. VSC, 
voltage-source converter; AC, alternating current; DC, 
direct current; GTO, gate turn-off thyristor. 

Also in this convertor, bipolar voltage blocking capability is 
achieved by the use of an asymmetric integrated gate 
commutated thyristor and a fast recovery diode instead of a 
single symmetrical device, which maximizes the convertor 
power rating and makes natural air cooling realizable. In the 
control part, the control methods, techniques, and the 
comparison of their advantages and disadvantages are 
studied. 

II. CONVERTER SECTION TOPOLOGY 

The structures of diode-clamped inverter, capacitor-clamped 
inverter, and cascade multilevel converter (CMC] have been 
used many times in papers, and their advantages and 
disadvantages are well known. Anyway, the CMC structures 
have received more attention in industry and research areas 
because of their more simplicity and reliability and easier 
control, so that in [20,21], the CMC converter was used in 
STATCOM structure to regulate the bus voltage, and the 
paper [22] has also reported an implementation of sample of 
transmission STATCOM with 5-HB arrangement and 12 Mvar. 
The proposed structure given by [22] has been analyzed by 
[23], The design for using two parallel sets of the CMC is 
proposed in [24] under the name of extended CMC. In fact, 
this structure, whose main profile is shown in Figure 2, has 
looked at improving the reliability from device redundancy 
viewpoint, whereas [25] has introduced H-bridge building 
blocks redundancy instead of the device redundancy and 
shown that the proposed idea can reduce the total harmonic 
distortion of the current, equal losses despite the two 
converter structures and a more capacity in reactive 
compensation for the extended modular multilevel 
converters in comparison with the modular multilevel 
converters. In [26], a kind of hybrid structure named hybrid 
cascade has been introduced according to Figure 3. In this 
structure, one converter of each phase operates in the base 
frequency with a high voltage, and the other works in a high 
frequency with a low voltage. This causes the number of the 
output voltage levels to be more than the common number 
2N+ 1(N is the number of the converters]. According to the 
figure, it can be seen that the phases have a triangular 
arrangement and the component of zero sequence current 
(i0] runs into the delta connection, which has an important 
role in controlling the DC voltage and balancing the load. 
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Figure2. Combinational structure named hybrid cascade 
[26]. MC, multilevel converter 


Mr. Hirofomi Akagi has categorized the STATCOM based on 
the modular arrangement of the H-bridges or choppers into 
four classes [27]: [1) single star bridge cells [SSBCs); [2] 
single delta bridge cells [SDBCs); [3) double star copper cells 
(DSCCsJ; and (4) double star bridge cells (DSBCsJ.The CMC- 
SDBC structure has been presented in [28,29] and is 
depicted in Figure 4. It is seen that firstly, the connection of 
the phases and the delta arrangement allows the negative 
sequence of the reactive power to circulate and secondly, 
this structure has the capability of connecting to a 6.6-kV 
network without coupling transformer. Also, as the name of 
this CMC type implies, each phase contains series converters. 
The DSCC type shown in Figure 5 is reported in [30], These 
converters contain choppers in each phase arranged in two 
parts and are connected to each other and the network 
through a center tap inductor. Such structures have 
functions in the modes of rectifier, inverter, inductive, and 
capacitive. Two other types of CMC named SSBC and DSBC 
have been also introduced in [2 7,29], which are illustrated in 
Figure 6. There are also comparisons among four types of 
CMCs from different perspectives with a summary in T able I. 
In arrangements where there is the ability of the rotational 
circulation such as SDBC and DSCC, it is possible to control 
the negative sequence of the reactive power. Therefore, the 
structures are appropriate for compensating the flicker. 
Another important implication of the comparisons is the 
usages of the four structures. Accordingly, the arrangements 
DSCC and DSBC are used both in the motor drive system as 
flicker compensation, high-voltage DC systems, and 
wind/solar power conditioning, while the other two 
structures are used only in network usages, especially 
voltage regulation and flicker compensation. The 
implementation of a seven-level SSBC in a 10-kVA and 200-V 
laboratory area has been reported in [31], Because 
circulating current cannot be passed among phases, in this 
topology, negative sequence reactive power cannot be 
controlled. So, this structure cannot be considered as 
effective compensator in some functions such as voltage 
flicker mitigation. Experimental results in [29] show that 
SDBC can mitigate voltage flicker effectively because this 
structure can pass the circulating current in delta connection 
and compensate the negative sequence reactive power. It has 
to be mentioned that the multilevel structures have been 
studied symmetrically mostly. It means that the DC voltage 
in converters has been equalized by balancing algorithms. 
But in some studies such as [20,32-36], the voltages of the 


DC-link capacitor have been considered unequally. By 
considering Figure 7, such structure is called asymmetric 
CMC structures. As it can be seen, the capacitors voltages are 
1.2, 2, and 6 Vdc in each phase. In these structures, the 
converters with higher DC voltage have less switching 
frequency and more power transmission and vice versa. 
These structures, also known as multivoltage, cause a 
harmonic decrease in the voltage and therefore, a decrease 
in the AC filter complexity. Only the converters with a low 
voltage have a high switching frequency, so the system’s 
total loss will diminish. Also, only the converters with a high 
voltage need insulated gate bipolar transistor with a high 
blocking voltage; therefore, the system’s total loss will 
decrease even more. 

III. SYNCHRONOUS STATIC COMPENSATOR 
STRUCTURES IN CONTROL PART 

Control strategies in static synchronous compensators are 
mostly carried out by digital computers. Therefore, analog to 
digital convertors became more practical. So, most of the 
controllers and signals are digital base. However, all systems 
specially power systems are continuous, and for using the 
advantages of digital computers, measured signals samples 
are digitized by sample and hold module. Finally, these 
signals are applied to digital computers as a processor. 
Moreover, a digital-analog hybrid control methods were 
recently introduced, which have some merits such as to 
improve the performance of traditional analog adaptive 
control. In this section, the control structures that are 
employed for a STATCOM are discussed. Obviously, the 
topologies presented in the power section require their own 
control techniques. Therefore, it can be said that ideas in the 
power part bring ideas in control structures. It is noticeable 
that the proposed control structures for the new topologies 
of the converter in STATCOM maybegeneralizable to simple 
converters and even vice versa. For example, it may be 
possible to use a control method presented for a simple 
synchronous static converter in the control systems of the 
power parts of the new structures. Therefore, it is important 
to consider a proposed control method from different 
perspectives. In a categorization, the control methods can be 
divided as follows: 

1. STATCOM control methods by the simple two-level and 
six-pulse converter; 

2. STATCOM control methods by different structures of the 
converter; and 

3. STATCOM control methods by different topologies of the 
coupling transformer. 

Synchronous static compensator control methods by the 
simple two-level and six-pulse converte. Synchronous static 
compensator control methods by the simple two-level and 
six-pulse converter. One of the simplest methods for 
STATCOM control aiming at voltage regulation has been 
introduced in [27], In this control loop, depicted in Figure 17, 
the capacitor voltage, which decreases because of energy 
exchange with the compensator for the switching and 
resistive losses of the compensator. One of the control 
methods that has a close relationship with determining 
algorithms for reactive components of the reference current 
has been studied in [29,30], Mr. Akagi first presented the 
algorithm and the theory of instantaneous reactive power, 
and then many papers such as have been published on this 
subject. The general block diagram of this control design has 
been presented in Figure 19. As it can be seen, the reference 
currents are obtained through one of the mentioned 
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algorithms, and after being compared with the compensating 
current and passing through a PI controller, they are sent to 
produce the gate command. Reference [35] deals with the 
STATCOM through the compensating perspective that 
produces admittance and conductance. In this control 
scheme, the admittance controls the component of the 
current’s positive sequence, and the conductance controls 
the component of the negative sequence current. It should be 
mentioned that the component of negative sequence is the 
controlling factor for compensating imbalance and the 
component of positive sequence is the controlling factor for 
voltage oscillation. The STATCOM control has been 
presented based on feedback linearization and without any 
simplifying premises, by using nonlinear control in [36], and 
has been implemented on IEEE-118 bus system along with 
the complete model of the generator and the network. 

IV. CONTROL OF STATCOM 

Synchronous static compensator control by different 
converter structures The control systems in compensators 
based on CMC must focus on both balancing the capacitor 
voltage in the DC link and following the main functions of the 
compensator. Based on these two functions, the discussion 
can be categorized. 3.2.1. Control methods with the 
compensator's main goals [specially voltage regulation and 
flicker compensation). The utilization of STATCOM based on 
CMC aiming at decreasing the flicker and by using field 
database has been reported in [21]. The control system 
utilized includes two parts: internal control and external 
control, which are depicted in Figure 20. As it can be seen, in 
the internal control, the control loops of Id and Iq are 
controlled separately and independently (decoupled). Id 
control loops stabilize the DC-link voltage, and Iq control 
loop is responsible for decreasing the flicker. In the external 
control, the voltage at the PCC is compared with the 
desirable value, and after passing through a PI controller, it 
is inserted to the internal control loop as Iqref. In [18], a 
control system is introduced, which has been installed in a 
Japan's power station. The compensator is 20 MVA, which 
consists of two parallel sets of 10 MVA, and every set 
includes six VSCs of 1.67 MVA with a DC link of 1600 V and 
insulated gate bipolar transistors of 1200 A and 3300 V. The 
control structure is given in Figure 3. In this control loop, the 
load current is one of the most important input signals. The 
load current in fact consists of the furnace current and the 
furnace parallel capacitors and has potential to resonance 
with the STATCOM current that can be harmful. In order to 
cope with this problem, first, the variations of the basic 
frequency are extracted, and then the frequencies leading to 
resonance are filtered. A nonlinear control structure has 
been reported by [29] aiming at decreasing the flicker, 
compensating the imbalance, and compensating the reactive 
power, which has been used in the CMC-llH-bridge building 
blocks-based compensator. The most important advantage of 
this method is that it needs to set only one parameter, while 
in PI compensators, used for controlling the AC and DC 
voltages, it is necessary to set both the proportion and the 
integral coefficients properly. The STATCOM based on 
multilevel modular multilevel cascade converters, 
categorized in four types of SSBC, SDBC, DSCC, and DSBC by 
Akagi, was investigated separately in the power section. The 
control structure-type SDBC has been reported in [27,29], 
This structure makes it possible to control the components 
of the negative sequence of the reactive power by circulating 
current inside the delta. 



Figure3. Synchronous static compensator based on 
cascade multilevel converter aiming at flicker decrease. 

PCC, point of common coupling 

V. Conclusions 

The recent studies and researches on STATCOM have 
revealed that different compensator structures have come 
from the suggestions and ideas in the two parts of control 
and power. In this paper, various structures suggested in the 
two sections have been investigated in two separate parts, 
and the advantages and disadvantages of each topology 
compared with other structures were discussed. The 
advances in the converter part in STATCOM are the results of 
successful achievements in electronic areas. Also, a science 
such as materials science has got to have great impacts 
formerly on electronics and then on power electronics, and it 
is expected that also in the future, such changes 
revolutionize the world of power industry and shed light to 
new directions and horizons for the researchers. The other 
point that can be inferred from the creditable papers of 
recent years is that laboratory implementation and even 
industrial installation and implementation have received 
more attention compared with the past and desirable results 
that have been reported. It means that the identification of 
STATCOM’s physical identity and its function in the face of 
undesirable phenomena and any kind of shortage in power 
systems has been put in the right direction, so that the 
theoretical and practical results have good consistency. 
Therefore, it can be expected that by using the studies and 
researches of the control engineering and electronics 
engineering sciences in STATCOM aiming at advancing the 
power part of this compensator, it will be seen more reports 
of implementing the industrial projects in the coming years. 
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